Recent charm results are reviwed with special attention to spectroscopy and hadronic decays. Two new states decaying to D + s π 0 and D * + s π 0 were recently discovered by BaBar and CLEO. In the baryon sector, the first observation of a doubly charmed baryon was announced by SELEX. Several amplitude analysis on charm hadronic decays are also discussed.
Introduction
Charm physics does not hold the frontier physics place that it once did, nevertheless there is still plenty of room for surprises and much to be understood. There is a consensus that charm is not a "heavy quark" (HQ) in the sense that the "heavy quark" QCD methodology would always work. Rather, charm seems to behave sometimes as a true heavy quark and sometimes not. That is why a large number of theoretical concepts and tools used in high energy physics are relevant for treating charm physics. Due to the richness of the decay pattern and the large clean samples now available charm physics is a very active/attractive research field. B-factories and collider experiments produced some impressive charm data, revealing large potential for high precision and rare processes in charm physics.
Very recently S. Bianco, F. L. Fabbri, D. Benson and I. Bigi wrote a quite complete and self-contained charm physics review.
1 Both theoretical and experimental state-of-the-art aspects of the charm physics are carefully addressed. Here, due to the space restriction, I was forced to impose some stringent selection criteria.
I just mention two results that could not be better discussed. First, I summarize lifetime measurements of all charm hadrons in Fig. 1 . The lifetimes are the most inclusive possible decay quantity, they carry information on the underlying dynamics of the weak decays. Although the lifetime hierarchy has been established theoretically by the use of 1/m Q expansions plus QCD corrections techniques, a more fundamental quantitative explanation is still necessary. The ability to make high precision lifetime measurements is essential for the search for mixing and possibly new physics in the charm sector. Traditionally the lifetime measurements have been made by fixed target experiments, favored by the Lorentz boost that enlarges the production-decay displacements, but lately collider experiments have become competitive as is clear from Fig. 1 .
The second result that I would like to at least mention is the observation of an unexpected interference phenomena in the semileptonic decay D + → K − π + µ + ν by the FOCUS experiment. 2 For the past 20 years this decay was believed to occur 100% through the intermediate D + →K * 0 (892)µ + ν. During the form factors analysis, FOCUS observed a large discrepancy between data and Monte Carlo. The noticed mismatch was significant only for events in the lower Kπ mass region (m Kπ < 0.9 GeV). The simplest explanation for the effect would be the inclusion of a constant scalar amplitude that interferes with the dominantK * 0 . Such an amplitude is parameterized as Ae iδ , A and δ being constants with best values measured to be 0.36 and 45 o respectively. This solution is plotted in Fig. 2 .
The topics I selected to discuss more extensively are: spectroscopy (Sec. 1) and hadronic decays (Sec. 2). Models based on Heavy Quark Symmetry (HQS) were able to predict the first excited states for [cū] and [cd] and also some of the [ Much more numerous, complex and less studied than the mesons, the baryon spectroscopy sector has also gained some visibility lately with a series of double charm meson states claimed by SELEX. 6, 7 Even though some of the proposed states are questionable due to the low statistics, they are worth noticing.
The last selected topic are the hadronic decays, with emphasis on full amplitude analysis. The investigation offers insight into a large number of issues: QCD, on heavy to low quark transitions, lifetime differences, final-state interactions, relative strength on the various decay diagrams and, more recently, it has proved to be a very interesting source of information on light meson spectroscopy. There is no overall interpretation as to why the hadronic charm decay pattern is what it is.
Many results shown here are preliminary results presented in conferences. The charm meson ground states fit in the SU(4) f lavor multiplet classification scheme which is not useful for predicting the excited states due to large symmetry breaking (m c m s ). The use of the Heavy Quark Symmetry (HQS) along with QCD based potential models provides a much more useful classification/prediction scheme. In the HQS the charmed meson [Qq] is viewed like the hydrogen atom. In the limit m c → ∞ the spin of the heavy quark (S Q ) decouples from the light quark degrees of freedom, which means that j q ≡ S q + L and S Q are separately conserved. Figure 3 summarizes the [cd] and [cū] spectroscopy lines. The four L = 1, n = 1 particles were observed experimentally. For parity and angular momentum conservations, j q = 1/2 states are forced to decay via S-wave transitions and for that reason they have large widths while the j q = 3/2, that decay via D-wave, are narrow states and much easier to observe. In Fig. 3 many experimental results are plotted, of those I emphasize the measurements made recently by Belle.
8 Belle observed the four excited states by doing the full amplitude analysis of the decays B − → D ( * )+ π − π − , which is the same procedure advocated in the next session to study light hadron spectroscopy with Dalitz plot analyses of charmed mesons.
Theory predicts also the existence of two radial excitations (L = 0, n = 2), only one of which was seen by Delphi (D * (2637)) 9 but not confirmed by a number of other experiments.
10
The use of the heavy quark symmetry for the [cs] excited states means a picture very similar to Fig. 3 , only scaled up about 80 MeV. The narrow states have been observed in DK decay modes with mass and width close to the theoretical prediction, see Table 1 .
This scenario led to the belief that the states D * s0 and D * s1 (j q = 1/2) expected at masses ∼ 2480 and ∼ 2570 MeV respectively, would decay through S-wave transitions in the isospin conserving modes DK, and consequently have large widths. Instead, BaBar 3 announced the observation of a very narrow state, D Table 2 
Baryons
The spectroscopy of the charm baryons is a lot more complex and less studied than the meson sector. SU(4) quark model multiplets are used as a guide to identify the observed states, and none of the J P values have been directy measured. Of the single charm ground states only the Ω * 0c (J P = 3/2 + ) remains undetected.
The first observation of the doubly-charmed 
was recently published by SELEX. 6 The SELEX experiment uses a 600 GeV charged hyperon beam incident on target foils of Cu or diamond. In the double charm search they look for a secondary vertex of Λ c K − π + within their sample of 1630 fully reconstructed Λ c → pKπ events. Their signal is shown in Fig. 7 . It is a 6.3 standard deviation signal of 15.9 events over an estimated background of 6.1 ± 0.5 events. The mass is at 3519 ± 1 MeV identified as [ccd] + . SELEX have pursued the search for more double charm events by requiring un extra π track on the secondary vertex, and by imposing helicity cuts. With limited statistics SELEX presented preliminary results for 3 more [ccq] candidates. 7 It is suggested that the four candidates are interpreted as the L = 0 and L = 1 [ccd] + and [ccu] ++ . To try and confirm these results the photoproduction experiment FOCUS have made extensive searches in their 19444 ± 262 Λ c sample. There was no evidence for a doubly charmed baryon. 14 
Hadronic Decays
The hadronic decays are responsible for the not so well understood large differences in the lifetimes between the charm hadrons (Fig. 1) . The leptonic and semileptonic represent just a small fraction of the total charm decay width. In the semileptonic decays, for example, the hadronic complexity can be isolated in measured form factors. As expected for spectators diagrams, the semileptonic widths for the various charm hadrons are comparable. The hadronic decays are much more complex and largely influenced by non-perturbative QCD effects. It has been known for a long time that the final-state interactions (FSI) can obscure the interpretation of the results and should be better understood. On the other hand, the hadronic decays are also responsible for the large diversity and rich resonant substructure observed in charm. The simplest case are the two-body decays. It has been useful for studying final-state interactions and relative decay mechanisms, but gives no information on resonant substructure. For 3 or more bodies in the final state, generally a full amplitude analysis is desired to retrieve complete information on intermediate resonant processes and possible decay mechanisms. This can become too complex to be feasible, but in the 3-body decays involving only scalar/pseudoscalar particles there are only two degrees of freedom.
Next I summarize recent 3-body decay amplitude analyses followed by results on two, four and five bodies in the final state.
Three-body Decays
All results from this session are 3-body full coherent Dalitz plot analyses involving only pseudoscalar particles; P → P 1 P 2 P 3 . The Dalitz plot is the scatter plot of s 12 × s 13 a and it is proportional to squared decay amplitude, |H(s 12 , s 13 )| 2 . H is written as a coherent sum of all possible resonant intermediate contributions and a non-resonant term:
where the sum runs over the i possible resonant states; a i,N R are the relative contributions; δ are relative phases that accommodate the final-state interaction effects; and A is the resonant amplitude that depend on parameters α.
The parameters a i,N R and δ are extracted from likelihood fits to the data. Usually, the resonances are represented by Breit-Wigners in which case α are its mass and width, that may or may not be free parameters of the fits.
There are two limitations on this kind of analysis. First one needs to impose a parametrization for the resonances. Relativistic Breit-Wigner forms are widely used but there are known limitations particularly for broad states near threshold. Second, as the number of states allowed becomes large, the interpretation is not straightforward. The challenge is to define clear quality criteria that, along with physics insights, could guide the analysis.
Nevertheless, the amplitude analysis is a powerful tool to investigate both charm decays and light meson spectroscopy, specially in the case of scalars that seem to be favored in charm decays. It is important to compare and understand the differences between hadron scattering and charm decay environments, for which final-state interactions play an important role.
In a full Dalitz plot analysis of the decay
found a large contribution of a low mass broad scalar state, that the authors identified with the σ(500) meson. Using a standard relativistic a s 12 = m 2 12 and s 13 = m 2 13 are the squared invariant masses of the pairs of particles P 1 and P 2 , and P 2 and P 3 respectively. 
The σ(500) has a fundamental role in several spontaneous chiral symmetry breaking models and has been actively searched for in scattering experiments but no direct evidence for its existence has been established. The E791 result raised a series of debates on the subject. The strongest criticism, has been the fact that in the Dalitz plot analysis the resonance form is imposed. Moreover, the σ(500) is a wide scalar state near threshold, conditions not favored for a Breit-Wigner width parametrization.
To feed in more information on the subject, E791 have applied the recently proposed Amplitude Difference (AD) method 16 to the D
They perform a direct and model-independent measurement of the phase motion of the amplitude at the low π + π − mass region. Their preliminary results show a strong phase variation compatible with the isoscalar σ(500) meson.
The applicability of the AD method requires a clean region of the Dalitz plot where the only contributions are the generic amplitude under study crossing with a well established resonance, represented by a Breit-Wigner. In the D + → π − π + π + , the only region that fulfill this condition is the region pictured in Fig. 8 where the low mass region in s 13 crosses with the f 2 (1270) in s 12 . Under these circumstances, the amplitude is written as:
the first term on the right-hand-side represents the well established f 2 (1270) Breit-Wigner resonance of mass m 0 , width Γ 0 and angular distribution M, and the second term represents the generic amplitude under study. (p * / √ s 13 ) is a kinematic term to make this description compatible with the usual ππ scattering formulation. δ(s 13 ) is the desired phase motion, a R and a s are the relative contributions and γ is the final-state interaction phase difference also 
where C is a constant to be determined experimentally. The difference on the left-hand-side of this equation is taken from the two dashed regions of Fig. 8 where = 0.26 GeV 2 . The amplitude squared difference divided by the angular distribution and phase space factor is shown in Fig. 9a . Notice that the 6th bin has a large error, this is due to a singularity in M. This bin was not further used in the analysis. From the above Eq. (3) it is clear that any variation observed in Fig. 9a reflects a variation in δ(s 13 ). The maximum and minimum values of ∆A/M (in the present case bins 2 and 5 of Fig. 9a ) provide two equations that are solved for C and γ. Eq. (3) is then inverted for δ(s 13 ). There are ambiguities that arise due to the arcsin operations and they are solved by imposing that δ(s 13 ) be a smooth increasing function of s 13 . Finally, Fig. 9b shows the phase motion of the low π + π − mass region obtained with the AD method. This strong phase motion is compatible with the full Breit-Wigner phase variation confirming the result obtained in the full Dalitz plot analysis. The measured γ = 2.78 ± 0.33 rad is also compatible with previous results, γ Dalitz = 2.59 ± 0.19 rad.
CLEO -
D * + → D 0 π + ; D 0 → K s π − π +
CLEO has reported on the Dalitz plot analysis of the channel D
18 Their Dalitz plot are shown in Fig. 10d . The sample is of ∼ 5300 events over a small 2% background. The D * -tag is necessary to identify the favored decays (K 0 π − π + ) and the doubly-Cabibbo-suppressed or mixing contributions (K 0 π + π − ). This analysis can be very complex because there are many possible resonant states. CLEO has considered up to 20 contributions: a non-resonant; 10 Table 3 and the model is compared to 
308 ± 12 0.27 ± 0.15
160 ± 11 0.9 ± 0.4 data in Fig. 10 . One can see from Fig. 10b a discrepancy in the low π + π − region. They have opted to not include the σ(500) in their final result but when they include it as a regular Breit-Wigner, they observe a sizable fraction of f σ = 0.57 ± 0.13 and measure m σ = 513 ± 32 MeV and Γ σ = 335 ± 67 MeV, values compatible with those measured by E791. They do not mention the improvement that the inclusion of the σ(500) does to the fit quality.
CLEO sees a small but statistically significant contribution of 5.5 standard deviations from the doubly-Cabibbo-suppressed or D 0 -D 0 mixing K * (892) + π − intermediate state. They report for the first time the relative branching ratio,
Comparing the phases of the two K * (892)π channels they observe no CP-violating effects.
CLEO -
D * + → D 0 π + ; D 0 → π 0 π − π +
CLEO have preliminary results on the Dalitz plot analysis of the decay
One of the strongest motivations of this analysis is the search for the σ(500). In principle, there is no impeachment for the existence of this intermediate channel. The charged intermediate modes, ρ + π − and ρ − π + , are possible via spectator diagrams and the neutral modes such as ρ 0 π 0 , f 0 (980)π 0 or σ(500)π 0 are produced in internal Wemission or W -exchange type diagrams. The D * -tag is required to distinguish D 0 fromD 0 and to search for the manifestation of CP-violation. Their final signal sample has ∼ 1100 events over a ∼ 18% background contamination. The phases and fractions for their preferred model are listed in Table 4 . The vec- 
10 ± 3 ± 3 23.9 ± 1.8 ± 4.6 ρ − −4 ± 3 ± 4 32.3 ± 2.1 ± 2.2 N.R.
77 ± 8 ± 11 2.7 ± 0.9 ± 1.7
tor ρπ contributions dominates. There is a small non-resonant component and no scalar resonant is needed to explain the data. No sign of CP-violation is observed.
BaBar have nice clean samples of four 3-body decays containing one neutral K s in the final state, combined with charged kaons or pions. 20 They have preliminary Dalitz plot analysis results for the channels
with event samples of 1008, 659 and 1957 events respectively and small background contamination of the order of ∼ 4% or less. They have an amazing K s π − π + sample of over 15000 events, but no result have so far been released. The difficulty in all these 
analyses is that there are too many possible resonant modes, despite the fact that the Dalitz plots present quite strong contributions of just a few, mostly vector resonances. If many possible states are allowed in the fit, it is quite probable that several different mathematical solutions fit the data with comparable confidence level. The situation gets even more critical because some of the possible resonances are controversial with poorly measured parameters.
In Table 5 we list the
There is a very large contribution (∼ 63%) from K * (892) + K − and eleven more states are allowed. A good χ 2 /DOF = 46/44 is obtained, but with a large destructive interference, with the fractions summing to 130±8%. In this channel the authors do not find a significant contribution of the κ meson. 21 In the case of the channel Table 6 , eleven intermediate states are kept with fractions that sum to 144±37%. Notice the large NR contribution, unusual for charm decays. The authors point out that if the NR is removed from the fit, it converges, increasing the K * 0 (1430) − K + to 26% and decreasing the a + 0 (980)π − to 5%. The two solutions, with and without NR, have approximately the same quality.
Finally BaBar reports on the 3K mode where again the preferred solution presents a large destructive interference, see Table 7 . Notice that in this solution the contribution of the poorly measured and near-the-threshold contribution of the a 0 (980) is dominant, much larger than that of theK 0 φ.
+ was one of the first modes to have a full amplitude analysis done. 
−172 ± 13 36.6 ± 25.8 ± 2.7 Table 7 . BaBar -
E691 and E687
22 with large samples and using only well established resonances observed a large interfering pattern, large NR contributions in bad quality fits. E791, with a large sample of over 15000 events and a small background, 6%, first tried some more sophisticated models for the NR contribution, but were unable to fit the data reasonably. They could only reach a good confidence level when they allowed for the possibility of a new resonant state. Doing extensive fit quality and consistency tests they concluded that the new contribution is a scalar, κ, with mass 797±19±43 MeV and width 410±43±87 MeV. Their result with and without the κ are compared in Table 8. The two solutions are very different. With the inclusion of the new state the NR contribution drops from 90% to 13% following the general trend that charm decays tend to be quasi-two-body. The large destructive interfering pattern is no longer present and the χ 2 /63 went from 2.7 to 0.75. Favoring the new E791 solution is the fit quality and the simplicity in a high statistics sample. The problem with this solution is that the κ is not a well established resonance, it was not observed in Kπ scattering and moreover, it is a wide scalar close to the threshold.
E791 have presented preliminary studies comparing the phase of the S-wave component of the 
+ decay amplitude with the phase observed in Kπ scattering experiments. 23 In the scattering experiment LASS, 24 a slow phase motion is observed for the scalar partial wave at the low Kπ invariant mass region, not compatible with the variation characteristics of a resonance. The S-wave amplitude used by LASS with a phase space adapted for the D decay is given by:
with Γ(m) = (m 0 /m)(p * /p * 0 )Γ 0 and the NR term has the effective range form:
The above S-wave parametrization was used to fit E791 data and the measured parameters are: a = 4.58 ± 0.33 c/GeV, b = −2.94 ± 0.43 c/GeV, to be compared with the values a = 1.95 ± 0.09 c/GeV and b = 1.76 ± 0.36 c/GeV from LASS. Table 9 . CLEO preliminary relative branching ratios.
1.44 ± 0.19 ± 0.10 2.08 ± 0.6 ± 0.5
18.92 ± 1.55 ± 0.73 28.3 ± 3.5
0.29 ± 0.18 ± 0.09 −−
Decays with 2 Bodies or More than 3 Bodies
FOCUS, 25 CLEO 26 and CDF 18 have new numbers on some singly-and doubly-Cabibbo-suppressed decays.
With an integrated luminosity of 13.7 fb Figure 12 shows the signals and in Table 9 Fig. 13 . In Table 10 , CDF and FOCUS measurements for the relative branching ratios for these channels are compared to previous measurements. The normalizing signals, D 0 → K − π + , are of 94560 ± 340 and 105030 ± 372 events respectively for CDF and FOCUS. In the π + π − mode, the small errors in the CDF results are a demonstration of the large potential capability they have to do charm physics.
To get insight into the importance of the finalstate interactions on charm decays, the D → ππ and D → KK decay amplitudes are expressed in terms of isospin amplitudes. The ππ system may have final isospin 0 or 2 while the KK can be in 0 and 1 states. Combining several measurements CLEO and Table 10 . CDF (preliminary) and FOCUS new measurements for D 0 decays.
CDF 9.38 ± 0.18 ± 0.10 3.686 ± 0.076 ± 0.036 FOCUS 9.93 ± 0.14 ± 0.14 3.53 ± 0.12± 0.06 PDG 10.84 ± 0.26 3.76 ± 0.17 FOCUS estimate the ratios of amplitudes and phases differences listed on Table 11 . The large phase differences denote the significance of FSI. The full amplitude analysis of 4-body decay modes is very complex and not much information on the resonant substructure of such decays is available. If the dominance of quasi-two body decays, observed in the 3-body final state, is confirmed for the case of multi-body decays, then one can take a more complete comparison with theoretical models, developed mainly to describe the two-body and quasi-two-body decay modes.
FOCUS has reported on new signals for
28 For these they measure the branching ratio relative to the dominant The inclusive branching ratios of five modes including the first evidence for the decay mode D + → K − K + π + π + π − are listed in Table 14 and the signals are in Fig. 14 . They study the resonant substructure of the decays D
The full coherent amplitude analysis was not attempted, rather they used a simplified approach where the final state is assumed to be an incoherent superposition of sub-resonant decays involving vector resonances. In both cases the non-resonant component is small.
Conclusions
The small fraction of recent results discussed here is illustrative of the picture drawn in the introduction: there is a lot to be understood and the conditions are favorable for the development of the field. Several experiments, not specially designed to do charm physics, have now some impressive quality charm data.
DISCUSSION
Questioner: I want to comment on your σ(500 Jussara de Miranda: Yes, the idea is the same, the way to go is the difference.
